The time variation of the Young's modulus of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428) was investigated when oxygen partial pressure, P(O2), was changed at a constant temperature and when temperature was changed under a constant P(O2). The Young's modulus of LSCF6428 gradually changed and converged to a certain value when P(O2) was changed from 5 x 10 -2 to 1 x 10 -2 bar at 973, 1073, 1173K. Such a variation in the Young's modulus is considered to be caused by the variation in the oxygen vacancy concentration. The time variation behavior of the Young's modulus when temperature was changed under constant P(O2) was different depending on temperature. At 373 to 473 K, the Young's modulus immediately varied when temperature was changed, and it showed a stable value after temperature became constant. On the other hand, at 873-923 K, the Young's modulus first slightly decreased and then gradually increased to a certain value. At 973-1023 K, the Young's modulus first drastically increased, gradually increased, and then eventually converged to a certain value. The immediate and the gradual variations were attributed to the variation in temperature and the oxygen vacancy concentration, respectively.
Introduction
Solid oxide fuel cells (SOFCs) are expected as high-efficient energy conversion devices. For their full scale commercialization, it is necessary to suppress mechanical failures in cells and stacks during operations. In order to understand the mechanism of the mechanical failures and successfully prevent them, the knowledge on mechanical properties of the components under the SOFC operation conditions is indispensable. For above background, mechanical properties of conventional cathode materials, La 0.6 Sr 0.4 Co 1-y Fe y O 3-δ (LSCF), have been evaluated as functions of temperature and oxygen partial pressure, P(O 2 ) [1] . It is found that the elastic modulus of LSCF considerably changed with temperature and P(O 2 ) [1] . Such variations in the elastic modulus are presumed to be induced under the influence of various causes, e.g., thermal and chemical expansion, a crystal structure change from rhombohedral to cubic, and decreases in the number of atomic bonds and in the cobalt/iron mean valence due to the oxygen nonstoichiometry change. Of these, the thermal expansion is expected to occur with temperature change and immediately influence the elastic modulus. On the contrary, the causes which are related with the variation in oxygen vacancy concentration, e.g., the chemical expansion, and the decreases in the number of atomic bonds and in the cobalt/iron mean valence, gradually affect the elastic modulus since it takes a while for the oxygen ions to diffuse in a sample. It is reported that the crystal structure change from rhombohedral to cubic is caused by not only the increase in temperature but also the increase in the oxygen vacancy concentration [2] . Thus the crystal structure change can affect the elastic modulus both in a short and a long periods. As just described, each of above mentioned causes is expected to have a different relaxation time. Therefore, the time variation of the elastic modulus when temperature or P(O 2 ) is changed can give information to identify which cause mainly affects the elastic modulus of LSCF in respective conditions. From above reasons, in this study, the time variation of the Young's modulus of La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF6428) was investigated when P(O 2 ) was changed at constant temperature and when temperature was changed under constant P(O 2 ).
Experimental
The Young's modulus of the sintered LSCF6428 was measured by the resonance method. The detailed information of the sample preparation and the measuring method were described elsewhere [1] . The time variation of the Young's modulus was evaluated by repeating the resonance measurements while changing temperature under a constant P(O 2 ) or changing P(O 2 ) at a constant temperature. P(O 2 ) around the sample was controlled by flowing a O 2 -Ar mixture gas and monitored by an yttira-stabilized zirconia oxygen sensor. When increasing temperature, the heating rate was 10 K/min. When decreasing P(O 2 ), it typically took 4 ksec for replacing the atmosphere in the sample chamber, although the rate of P(O 2 ) change was difficult to be quantitatively defined. Figure 1 gives the temperature dependency of the Young's modulus of LSCF6428 under P(O 2 ) of 1 x 10 -1 bar, which were reported in our previous study [1] . The curve of the temperature dependency of the Young's modulus can be divided into 3 regions; the Young's modulus monotonically decreased up to 823 K (R1) and then gradually increased in the temperature range between 823 and 973 K (R2). At further higher temperatures, it drastically increased with increasing temperature (R3). The drastic increase above 973 K is considered to be associated with the second-order phase transition from rhombohedral to cubic because the temperature at which the drastic increase starts agreed with the phase transition temperature of LSCF6428, i.e. 973-1123 K [3] . The most probable cause for the decrease below 823 K is the thermal expansion. However, there may be other reasons for the decrease since the degree of the decrease is too large to be explained only by the thermal expansion. The possible other causes are ferro-elasticity and the tilting and/or the distortion of the octahedrons in the crystal [1] . The reason of the gradual increase in part R2 is not clear at present moment. The P(O 2 ) dependency of the Young's modulus at various temperatures [1] was given in Fig. 2 . The P(O 2 ) dependency of the Young's modulus of LSCF6428 was different depending on temperature. At 873K, the Young's modulus was almost independent of P(O 2 ), while it increased with decreasing P(O 2 ) at 973 K. At 1073 K, it first increased with decreasing P(O 2 ) and then gradually decreased. At 1173K, it monotonically decreased with decreasing P(O 2 ). Such a complicated P(O 2 ) dependency was interpreted by complex influence of the crystal structure change from rhombohedral to cubic, the chemical expansion and the decrease in the number of atomic bonds and in the cobalt/iron mean valence, which were all induced by the variation in the oxygen vacancy concentration. The Young's modulus decreases due to the chemical expansion, a decrease in the number of atomic bonds and in the cobalt/iron mean valence. On the other hand, it increases because of the crystal structure change from rhombohedral to cubic. These conflicting changes are considered to compete during changing P(O 2 ) and their respective contributions to the Young's modulus differ depending on temperature. In order to more precisely understand the causes for the change in the Young's modulus, the relaxation curves were examined when temperature and P(O 2 ) was changed. reported that the k of LSCF6428 measured by the isotope exchange is much smaller than the D chem and is 1-2 orders of magnitude smaller than the k measured by the conductivity relaxation [4, 5] . In the conductivity relaxation measurement in ref. 4 , a platinum current collector was used, and thus might promote the surface reaction, resulting in larger k than the real value. If this speculation is correct, the contribution of the surface reaction cannot be neglected and the relaxation time is expected to be longer than the one calculated by eq. (1). In addition, the non-stepwise gas replacement may also be the cause of the large discrepancy, especially at higher temperatures. (2) where α is the thermal diffusivity of LSCF6428 and reported to be approximately 0.7-0.9 mm 2 /s [6] . The estimated thermal diffusion time was about 0.5-0.6 s. Therefore, the temperature in a sample is considered to immediately equilibrate with the ambient temperature, and the influence of the thermal diffusion can be neglected.
Results and Discussion
At 373-473 K, the relaxation time was distinctly shorter compared to the relaxation time at the other investigated temperatures. The variation in the oxygen vacancy concentration at 373-473 K is reported negligibly small [7] . Thus, the Young's modulus is considered to be mainly affected by the causes which are related with the temperature change such as the thermal expansion and possibly ferro-elasticity and the tilting and/or the distortion of the octahedrons. This seems to be the reason of the significantly shorter relaxation time at 373-473 K. Similarly to the result at 373-473 K, the first slight decrease at 873-923 K is considered to be associated with the thermal expansion and the above mentioned causes. The gradual increase after the first slight decrease can be attributed to the increase of the oxygen vacancy concentration. At 873-923 K, the oxygen vacancy concentration increases with increasing temperature. As already mentioned in the discussion about the P(O 2 ) dependency, the increase of the oxygen vacancy concentration can induce the crystal structure change from
rhombohedral to cubic and increase the Young's modulus near 973 K. Such a crystal structure change may be the reason of the gradual increase observed in part R2 in Fig. 1 . The relaxation time was 60 ksec and about 9 times longer than the calculated one, 7 ksec. Such a discrepancy of the relaxation time is possibly due to the surface reaction, as already discussed. At 973-1023 K, the Young's modulus drastically increased immediately after temperature increased and then gradually increased to a certain value in 40 ksec. In this measurement, the temperature was in the vicinity of the phase transition temperature. Then, the crystal structure is considered to drastically change from rhombohedral to cubic when temperature is changed. Thus, the first drastic increase may be attributed to the crystal structure change due to the temperature change, and then, due to the change in the oxygen vacancy concentration. 
Conclusions
The time variation of the Young's modulus of La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF6428) was investigated when P(O 2 ) was changed at a constant temperature and when temperature was changed under a constant P(O 2 ) in order to identify which cause mainly affects the Young's modulus of LSCF in respective conditions. The gradual relaxation was observed when P(O 2 ) was changed at high temperatures. Such a variation in the Young's modulus is considered to be caused by the variation in the oxygen vacancy concentration. The observed relaxation time was significantly longer than the calculated one only from the chemical diffusion coefficient. This indicated that the contribution of the surface reaction in LSCF6428 was significant, as suggested from the isotope exchange measurements in literature. The time variation behavior of the Young's modulus when temperature was changed under a constant P(O 2 ) was different depending on temperature. On the other hand, when temperature was changed, immediate and gradual relaxations were observed. Such immediate and gradual relaxations were attributed to influence of the variations in temperature and the oxygen vacancy concentration, respectively. 
